Mutations of human hepatitis B virus (HBV) occur frequently within the capsid (core) protein in natural infections. The most frequent mutation of the core protein in HBV from Southeast Asia occurs at amino acid 97, changing an isoleucine (I) to a leucine (L). In our systematic study of virus-host interactions, we have examined the replication efficiency of a site-directed mutant, I97L, and its parental wild-type HBV in several different hepatoma cell lines. Interestingly, we found that this capsid variant replicated in human Huh7 hepatoma cells approximately 4.8-fold better than its parental wild-type HBV. A similar phenomenon was observed in another hepatoma cell line, J3. In addition, the level of encapsidated RNA pregenome in mutant I97L was about 5.7-fold higher than that of the wild-type HBV in Huh7 cells. Unlike Huh7 cells, no significant difference in viral DNA replication between the same I97L mutant and its parental wild-type HBV was observed in HepG2, a human hepatoblastoma cell line. This finding of a profound replication advantage for mutant I97L in Huh7 and J3 cells but not in HepG2 cells may have important implications for the emergence of this mutant in chronic HBV carriers. We speculate here that the mutation confers a host factor-independent growth advantage for the survival of HBV variants in gradually dedifferentiating hepatocytes and thus helps prolong viral persistence.
Mutations of human hepatitis B virus (HBV) occur frequently within the capsid (core) protein in natural infections. The most frequent mutation of the core protein in HBV from Southeast Asia occurs at amino acid 97, changing an isoleucine (I) to a leucine (L). In our systematic study of virus-host interactions, we have examined the replication efficiency of a site-directed mutant, I97L, and its parental wild-type HBV in several different hepatoma cell lines. Interestingly, we found that this capsid variant replicated in human Huh7 hepatoma cells approximately 4.8-fold better than its parental wild-type HBV. A similar phenomenon was observed in another hepatoma cell line, J3. In addition, the level of encapsidated RNA pregenome in mutant I97L was about 5.7-fold higher than that of the wild-type HBV in Huh7 cells. Unlike Huh7 cells, no significant difference in viral DNA replication between the same I97L mutant and its parental wild-type HBV was observed in HepG2, a human hepatoblastoma cell line. This finding of a profound replication advantage for mutant I97L in Huh7 and J3 cells but not in HepG2 cells may have important implications for the emergence of this mutant in chronic HBV carriers. We speculate here that the mutation confers a host factor-independent growth advantage for the survival of HBV variants in gradually dedifferentiating hepatocytes and thus helps prolong viral persistence.
Human hepatitis B virus (HBV) can cause acute and chronic hepatitis in humans, with the latter often resulting in cirrhosis and hepatocellular carcinoma (6, 11, 55, 56) . HBV is an enveloped virus, which consists of an outer lipoprotein envelope and an inner nucleocapsid containing a 3.2-kb partially doublestranded DNA genome. The nucleocapsid, formed by a 183-amino-acid core antigen, assembles in the cytoplasm with a 3.2-kb pregenomic RNA and the viral polymerase. The encapsidated pregenomic RNA is then retrotranscribed into viral DNA (20, 53) .
Because the polymerase of HBV lacks a proofreading function, HBV has a low fidelity in replication and thus tends to produce sequence variants at a high frequency. Naturally occurring mutations in HBV have been hypothesized to play a role in the pathology of HBV-related diseases and in the persistence of HBV infection (23, 27, 59, 60, 68, 69) . As a major T-cell target (13, 42) , the core protein accumulates frequent mutations in chronic carrier patients with active liver disease (1, 5, 8, 14, 15, 16, 27) .
Within the core protein, the most frequent mutation occurs at amino acid 97 (1, 5, 14, 15, 16, 17, 21, 22, 27, 29, 33, 40, 41, 43, 48, 50, 61, 64, 65, 70) . The codon 97 mutation changes the wild-type amino acid from a phenylalanine to a leucine in the ayw subtype (F97L) or from an isoleucine to a leucine in the adr subtype (I97L). Previously, we identified an "immature secretion" phenotype for capsid variant 97L (referring to both I97L and F97L), which is characterized by secretion of an excessive amount of Dane particles containing immature singlestranded DNA intermediates in both the ayw and adr subtypes (70, 71) . We further reported that this immature secretion phenotype can be rescued intramolecularly by a proline-tothreonine mutation at amino acid 130 (P130T) in the core protein (72) or intermolecularly by an alanine-to-phenylalanine mutation at amino acid 119 (A119F) in the large envelope protein (37) . An immature secretion-like phenomenon was also observed in vivo in animal models (9, 63) . Although the immature secretion phenomenon of mutant 97L can be observed in both the adr and ayw subtypes, the mutation occurs frequently in subtype adr (1, 5, 14, 15, 16, 17, 21, 29, 33, 61, 64, 65) but rarely in subtype ayw (40, 41, 48) .
In this study, we examined the replication efficiencies of site-directed 97L mutants in both subtypes and their parental counterparts in several different hepatoma cell lines. To our surprise, we found that the adr subtype capsid mutant I97L replicated more efficiently than the wild-type virus in Huh7 and J3 cells but that they replicate almost equally well in HepG2 and Hep3B cells. This novel phenomenon constitutes a second strong phenotype of the capsid mutant I97L, and it implies a host factor-independent replication advantage for the mutant during the evolution of HBV variants in chronic carriers.
MATERIALS AND METHODS
Plasmid constructs pWT-adr, pWT-ayw, pI97L, pI97F, and pF97L. Plasmid pWT-ayw is a tandem dimer construct of wild-type HBV ayw subtype and was described elsewhere (70) . The 3.2-kb DNA fragment of HBV adr subtype (35) was subcloned into the BamHI site of the PSV2A Neo vector, resulting in plasmid pWT-adr (71) . The wild-type HBV monomers of different subtype origins were used as templates to create different site-directed mutations via the Altered Site II in vitro mutagenesis system (Promega) (70) . The mutant plasmids pI97L and pI97F are of subtype adr origin, and the mutant plasmid pF97L is of ayw origin.
Cell culture and transfection. Hepatoma cell lines J2, J3, and J5 (10), HCC36 (12), PLC/PRF/5 (2), FOCUS (24), HepG2 and Hep3B (34) , and Huh7 (44) were maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum at 37°C in the presence of 5% CO 2 . The calcium phosphate transfection procedures were described elsewhere (54) . Ten micrograms of each HBV plasmid DNA was transfected with carrier DNA to a total of 35 g for 3 ϫ 10 6 cells per 10-cm dish. Medium was changed 4 h posttransfection for non-HepG2 cells and 12 h later for HepG2 cells. The FuGENE 6 transfection procedure was conducted for cells other than Huh7 and HepG2 according to the vendor's suggestions (Roche, Indianapolis, Ind.) (37) . Briefly, for each transfection, 3 g of DNA was mixed with 9 l of FuGENE reagent diluted in 200 l of Dulbecco's modified Eagle's medium and incubated for 45 min at room temperature. The DNA-FuGENE mixture was then added directly to the cells.
Preparation of intracellular HBV particles, viral DNA, and viral RNA. Intracellular core particles and viral DNA were prepared as detailed elsewhere (67). The HBV core particle-associated RNA was prepared with Tri-Reagent according to the manufacturer (Sigma, St. Louis, Mo.). Briefly, the core particle pellet was first dissolved in 100 l of TNE buffer (150 mM NaCl, 40 mM Tris-HCl, 1 mM EDTA [pH 7.4]) and mixed with 1 ml of Tri-Reagent. After incubation at room temperature for 5 min, 200 l of chloroform was added. The mixture was vortexed for 15 s and incubated for 10 min at room temperature before centrifugation in an Eppendorf centrifuge for 15 min. The RNA was precipitated from the aqueous phase by adding 0.5 ml of isopropanol. For isolation of total RNA, we followed the vendor's protocol (Sigma). Analysis of extracellular viral DNA was performed by gradient centrifugation as detailed elsewhere (70) .
Southern and Northern blot analyses. Standard protocols for Southern and Northern blot analyses were used (70) . Full-length 3.1-kb HBV DNA fragments were purified from pWT-ayw by EcoRI digestion or from pPBR322-adr (35) by BamHI digestion. Approximately 50 ng of the 3.1-kb DNA was radiolabeled by the random-primed DNA labeling kit (Roche). Quantitative comparisons of HBV DNA signals on the X-ray film from Southern blots were performed with the ONE-D scan computer program (Scanalytic Co., Billerica, Mass.). The intensity of the overall HBV DNA level was measured by counting the signal from the 4.0-kb position to the bottom of the lanes.
Immunoblot analysis of core protein. Wild-type and mutant core proteins were prepared from cell lysates 3 days after transfection with wild-type and mutant dimer plasmids or core protein expression vectors. Protein expression was detected by standard Western blot analysis with rabbit anticore antibodies (3; M. Newman and C. Shih, unpublished data).
RESULTS
Subtype adr mutant I97L can replicate more efficiently than its parental wild-type virus in Huh7 cells. To compare the replication efficiencies of wild-type and capsid variant 97L viruses, we transfected tandem dimer replicons of either subtype adr or ayw into two different hepatoma cell lines, HepG2 and Huh7. Five days posttransfection, intracellular core-associated HBV DNA was examined by Southern blot analysis. The banding intensities in the lanes were measured with a densitometer in order to quantitatively compare differences in intracellular DNA synthesis of the wild-type and mutant 97L viruses.
As shown in Fig. 1a , left panel, mutant I97L appeared to replicate approximately 4.8-fold better than its wild-type counterpart in Huh7 cells (based on five independent experiments with at least four different plasmid DNA preparations). This difference in replication between wild-type HBV and mutant I97L in Huh7 cells could originate from differences other than the I97L mutation per se. Variable quality and concentrations of plasmid DNA preparations or the existence of unknown, unwanted mutations present in the mutant or wild-type plasmids could also account for the differences. An argument against such trivial explanations came from the experiment in HepG2 cells. In HepG2 cells, mutant I97L replicated only slightly better than wild-type adr by 1.7-fold (Fig. 1a , left panel). In contrast to subtype adr, the overall DNA replication efficiency of ayw wild-type was slightly better (less than twofold) than its mutant F97L in both HepG2 and Huh7 cells (Fig.  1a, right panel) .
Subtype adr mutant I97L can secrete more virions than its parental wild-type virus in Huh7 cells. To investigate whether the apparent intracellular replication advantage of adr mutant I97L could also be observed at the extracellular level, we examined the HBV DNA profile of secreted virions. Extracellular viral DNAs were collected from the medium and analyzed by cesium chloride gradient ultracentrifugation and Southern blot analysis. Previously, we demonstrated an immature secretion phenotype for capsid mutant 97L in both the adr and ayw subtypes, characterized by nonselective and excessive secretion of HBV virions containing immature replicative intermediates (70, 71) . As shown in Fig. 1b , capsid mutant 97L indeed exhibited an immature secretion phenotype in both Huh7 and HepG2 cells. In addition, we found that similar levels (1.6-fold) of viral DNA were secreted by wild-type adr and mutant I97L in HepG2 cells; however, in Huh7 cells, mutant I97L secreted an average of 7.5-fold-more virion DNA than its parental wildtype virus (based on four independent experiments) (left panel of Fig. 1b) . In the right panel of Fig. 1b , the ayw wild-type HBV secreted slightly more virions than the mutant F97L in HepG2 and Huh7 cells. These findings were consistent with the results of the intracellular assay in Fig. 1a .
Replication advantage of mutant I97L over wild-type HBV occurs in another hepatoma cell line, J3. Intrigued by the replication advantage of mutant I97L in Huh7 cells, we determined if the same phenomenon would occur in other hepatoma cell lines. A number of different hepatoma cell lines (J2, J3, J5, HCC36, Hep3B, PLC/PRF/5, and FOCUS) (Materials and Methods) were screened for possible replication advantages for the mutant. Most of these cell lines did not appear to support detectable replication of the wild-type or mutant HBVs (data not shown). As shown in Fig. 2 , only the J3 cell line showed preferential replication permissivity for mutant I97L. We also found that Hep3B cells behaved like HepG2 cells, with no pronounced phenotype of replication advantage for the mutant (data not shown). In both J3 and Hep3B cells, the overall signals were much weaker than in HepG2 cells.
Higher level of encapsidated pregenomic RNA by adr capsid mutant I97L. To better understand the mechanism of the increased replication efficiency of mutant I97L in Huh7 cells, we asked if there were any differences in RNA encapsidation between the mutant and the wild-type virus. Total intracellular and core-associated RNAs were collected 5 days after transfection and analyzed on Northern blots. As shown in the right panel of Fig. 3 , the total RNA levels from cells transfected with wild-type HBV or mutant I97L were different by about twofold in HepG2 and Huh7 cells. However, in the left panel of Similar stabilities of wild-type and mutant core proteins. The contrasts in intracellular HBV DNA replication and pregenomic RNA encapsidation between adr wild-type and mutant I97L could be due to the different stabilities of their respective core proteins. We therefore determined the steadystate levels of wild-type and mutant core proteins in Huh7 cells by immunoblot analysis with a rabbit anticore antibody (Fig.  4) . When the tandem dimer replicons of the wild-type and mutant I97L viruses were used, we found that there was a fivefold difference in the steady-state levels of the core proteins, which is consistent with the data from the intracellular viral DNA replication and pregenomic RNA encapsidation assays ( Fig. 1 and 3) . However, when simian virus 40 expression vectors carrying the wild-type and mutant core genes were used, similar steady-state levels of their core proteins were observed (Fig. 4) . These findings suggest that the reduced core protein level from the wild-type HBV replicon is not caused by an intrinsic instability of the wild-type core protein in Huh7 cells. Rather, it most likely reflects the lower level of wild-type adr RNA and DNA replication in Huh7 cells.
Increased intracellular HBV DNA synthesis of mutant I97L in Huh7 cells could be caused by acquisition of a cytosine residue at nucleotide 2191 and/or by acquisition of a leucine at core protein position 97. We screened 20 serum samples from noncirrhotic HBV carriers (60) and identified the presence of mutant 97L in 15 out of 20 samples, including mutants I97L (15 of 20) and I97F (2 of 20) (two samples contained both I97L and I97F) (F. M. Suk and C. Shih, unpublished data). While mutant I97L is caused by an A-to-C mutation at nucleotide 2191, mutant I97F is an A-to-T mutation at the same position. We asked if the phenotype was caused by the loss of an adenine at nucleotide 2191, or an isoleucine residue at amino acid 97, or by the acquisition of a cytosine or a leucine residue.
We created mutant I97F (A2191T) and compared its replication with that of wild-type HBV and mutant I97L (A2191C) in both HepG2 and Huh7 cells. As shown in Fig. 5 , Southern blot analysis of intracellular core-associated DNA revealed a similar level of overall DNA signals between wild-type, mutant I97L (A2191C), and mutant I97F (A2191T) in HepG2 cells. Interestingly, in Huh7 cells, only mutant I97L (A2191C), but not mutant I97F (A2191T), exhibited an increased level of intracellular viral DNA synthesis. These results suggest that the increased viral DNA synthesis of mutant I97L in Huh7 cells is not caused by the loss of an adenine residue at nucleotide 2191 of pregenomic RNA or by the loss of an isoleucine residue at core amino acid 97. Instead, it is caused by the acquisition of a cytosine residue at nucleotide 2191 of the pregenomic RNA or by the acquisition of a leucine at core protein position 97.
DISCUSSION
The intriguing replication advantage of HBV core mutant I97L in Huh7 cells was observed reproducibly in a number of different assays, including viral DNA synthesis, virion secretion, RNA encapsidation, and immunoblot analyses (Fig. 1, 3 , and 4). The potential mechanisms and significance of this phenomenon are discussed further below.
Potential explanations for higher level of encapsidated pregenomic RNA of mutant I97L. Assembly of a replication-competent HBV nucleocapsid requires at least three viral components: core protein, polymerase, and pregenomic RNA. The polymerase exists in virions at a rate-limiting trace quantity during the formation of the nucleocapsid-polymerase-pregenomic RNA complex. Without further experimentation, it is difficult to hypothesize what mechanism could be responsible for the replication advantage of mutant I97L in Huh7 cells.
In this study, we detected a twofold difference in total RNA levels between mutant I97L and wild-type virus in both HepG2 and Huh7 cells (Fig. 3) . Therefore, enhanced viral transcription or RNA stability is likely to contribute to the higher level of core protein product (Fig. 4) , higher core-specific RNA transcript level as a substrate for pregenomic RNA encapsidation (Fig. 3) , more frequent molecular interactions during core-polymerase-pregenomic RNA complex formation, and finally the replication advantage of mutant I97L in Huh7 cells.
Encapsidation of HBV pregenomic RNA is mediated by a specific cis-acting sequence, termed ⌭, located at the 5Ј end of the pregenomic RNA (32) . In duck hepatitis B virus, two discontinuous regions of the pregenome are required (7, 25) . At present, there is no experimental evidence that an additional RNA packaging signal or "packaging enhancer" may have been created and selected for by the mutation I97L in Huh7 cells. Previously, we observed a significant negative cis effect on plus-strand DNA synthesis by the codon 97 mutation in ayw mutant F97L (70) . Furthermore, amino acid position 97 is located within the frequent core internal deletion (CID) region of HBV CID variants, which have been proposed to behave like defective interfering particles (68, 69) . A recent study of HBV CID variants also suggests that it may be the deleted pregenomic RNA rather than the deleted core protein that is responsible for interference (51) . Taken together, these findings suggest there might be an unknown "cis element" around nucleotide 2191 of the core gene which could influence HBV pregenomic RNA encapsidation and DNA replication. A preliminary computer-aided search for any conserved secondary or higher-order structures around nucleotide 2191 of the pregenomic RNA has not been successful (data not shown).
In addition to interacting with the core protein (38) , the polymerase is also involved in RNA encapsidation. In the process of HBV replication, polymerase binds to the stem loop of the ⌭ signal and initiates reverse transcription (52, 62) . Since mutation I97L is located outside the polymerase open reading frame, there is no concurrent mutation within the polymerase protein in mutant I97L. Finally, although it cannot be excluded at present, it appears unlikely that the subtle A-to-C nucleotide change in mutant I97L, which is located about 119 nucleotides upstream from the initiation codon of polymerase, could increase the production of polymerase.
In addition to viral factors, cellular factors such as heat shock proteins are known to be involved in RNA-protein complex formation and priming of DNA synthesis (4, 28) . In the process of pregenomic RNA encapsidation, these cellular factors could influence the pregenomic RNA encapsidation efficiency by binding to core proteins, polymerase, the ⌭ signal, or some unknown RNA structures in the vicinity of nucleotide 2191 in HBV.
Asian adult-derived versus Caucasian child-derived hepatoma cells. The HepG2 cell line is derived from a hepatoblastoma from a Caucasian child (34) , whereas the Huh7 cell line is from a hepatocellular carcinoma from an Asian adult (44) . Hepatoblastoma cells are more related to fetal liver cells and are morphologically different from hepatocellular carcinoma cells. The ultrastructural difference may be due to different degrees of hepatic tumor differentiation (26) . Moreover, the   FIG. 3 . Mutant I97L encapsidated more pregenomic RNA than its parental wild-type virus in both HepG2 and Huh7 cells. Five days posttransfection, HepG2 and Huh7 cells were harvested, and total RNA (right panel) and core-associated RNA (left panel) were isolated. The entire amount of core-associated RNA from one 10-cm dish and 30 g of total RNA from each sample were analyzed by Northern blot analysis with a 3.1-kb HBV double-stranded DNA probe. The difference in encapsidated RNA levels between the mutant I97L and wild-type viruses was more dramatic in Huh7 cells than in HepG2 cells. Major HBV-specific transcripts are indicated by arrows.
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on August 15, 2017 by guest http://jvi.asm.org/ content of transcription factors in these two cell lines also differs (45) .
In this study, we screened several additional hepatoma cell lines for potential replication advantages for mutant I97L (Materials and Methods). Another Asian adult-derived hepatoma cell line, J3 (10), appears to be supportive for mutant I97L but not wild-type HBV replication (Fig. 2) . In contrast, another Caucasian child-derived well-differentiated hepatoma cell line, Hep3B (34), can support both mutant I97L and wild-type HBV at a similar level, although overall DNA replication is reduced compared to that in HepG2 cells (data not shown). This again suggests the involvement of some unknown host factors in HBV replication.
Biological significance of host factor-independent phenotype of mutant I97L and its emergence in chronic carriers. HBV replication is known to depend on the state of hepatocyte differentiation and can be affected by a variety of host factors (19, 30, 31, 47, 49) . During the course of HBV infection, the state of hepatocyte proliferation and differentiation is altered due to chronic inflammation and liver injury, which could be accompanied by a progressive decline in some host cell factors. Progressive decline in viremia has been observed at the later stage of HBV chronic infection with liver diseases (11, 18) . It could be explained by the gradual loss of host factors involved in viral replication permissivity in the dedifferentiating hepatocytes and by the emergence of secretion-defective HBV variants (36, 70, 71) . Certain host factors which can support wildtype HBV replication could be present at a higher level in HepG2 cells and absent or present at a lower level in Huh7 cells. Without these host factors, the replication efficiency of wild-type HBV is greatly reduced in Huh7 cells. We hypothesize here that HepG2 mimics the well-differentiated hepatocytes at the earlier stage of chronic infection, and Huh7 and J3 mimic less well differentiated hepatocytes at the later stage of chronic infections.
From this hypothesis, we suggest that the biological significance of core mutation I97L is to maintain viral replication in gradually dedifferentiating host hepatocytes and thus help prolong the viral persistence at the middle to late stage of chronic infection. Indeed, emergence of mutation I97L has been observed in a longitudinal study of a chronic hepatitis B patient (16). We detected a significant level of mutant I97L in 75% of serum samples from chronic HBV carriers (data not shown) as well as in many liver samples from hepatoma patients in Taiwan (27) , a result consistent with its prevalence in Asia and Cell lysates of Huh7 cells collected 3 days posttransfection were analyzed by Western blot analysis with a rabbit anticore antibody. Plasmids SVC-WT and SVC-I97L are two core protein expression vectors of wild-type (WT) HBV and mutant I97L origins under the control of the simian virus 40 enhancer and promoter. The fact that they produced similar steady-state levels of wild-type and mutant core proteins indicated a similar degree of protein stability. Therefore, the difference in the steady-state level of core proteins expressed from the tandem dimer replicons of wild-type adr and mutant I97L reflects their difference in intracellular viral DNA replication rather than any difference in intrinsic protein stability.
elsewhere (1, 5, 14, 15, 16, 17, 21, 22, 29, 33, 43, 50, 61, 64, 65, 66) . Finally, it should be noted that previous reports also suggest that core protein mutations could have an immune escape nature (5, 16, 27) . The immune escape hypothesis is not necessarily mutually exclusive with our current replication advantage hypothesis regarding the emergence of the core variant I97L.
In addition to the aforementioned hypothesis, at least two alternative possibilities can be entertained. One is to assume the presence of a negative factor in Huh7 cells that is absent in HepG2 cells. Such a negative factor can selectively repress the replication of wild-type HBV but not mutant I97L in Huh7 cells. Another hypothesis is to assume that a positive factor is present in Huh7 cells but is low or absent in HepG2 cells. Such a positive factor may interact better with mutant I97L pregenomic RNA than with wild-type HBV.
Replication efficiency of capsid variants is subtype dependent. Subtype ayw is prevalent in northwestern Europe, while subtype adr is confined to southeastern Asia (39, 57, 58 ). An 8.3 to 9.3% nucleic acid sequence divergence is observed between HBV subtypes (46) . There are at least eight consistent differences in the 183 amino acids of HBV core antigen between the adr and ayw subtypes (71) . In this study and our previous work, we demonstrated a 1.8-fold decrease in the overall intracellular HBV DNA levels with ayw mutant F97L in Huh7 cells (70) . In contrast, the adr subtype in Huh7 cells showed, surprisingly, that overall intracellular DNA levels of mutant I97L increased by approximately 4.8-fold relative to its parental wild-type virus (Fig. 1) . This indicates that the effect of the change to 97L on viral replication depends on the subtype-specific context of its pregenomic RNA (Fig. 5 ). Our observations of the replication advantage for adr mutant I97L, as well as the replication disadvantage for ayw mutant F97L, may explain why mutant I97L is more prevalent in Asia (1, 5, 16, 17, 21, 29, 33, 61, 64, 65) and predict the low prevalence of ayw mutant F97L in Europe (40, 41, 48) .
Evolution and the trade-off between good and bad mutations. If the replication advantage of mutant I97L can be extended to natural infection in vivo, then why has mutant I97L not replaced the wild-type HBV in acute infection or during the long journey of viral evolution? It is possible that it cannot outcompete wild-type virus because the well-differentiated hepatocytes in acutely infected hosts offer no significant selective advantage for the mutant I97L. Presently, without an available in vitro infection system, we can only speculate that immature secretion of mutant I97L could be a "bad" mutation which compromises infectivity by causing the virus to secrete immature genomes (i.e., negative selection).
Several naturally occurring core mutations, including P5T and L60V, have been found to result in low virion secretion (36) . The biological significance of such seemingly bad mutations again remains unclear, since they appear to be a disservice to the virus per se. Since these mutations also coincide with T-cell epitopes (13, 42) , they are more likely to be "good" mutations with an immune escape nature (27, 59, 60) . Therefore, the coevolution of HBV variants and their host hepatocytes probably depends on the balanced effects between good and bad mutations.
In summary, in addition to the previously identified immature secretion phenotype (70, 71) , the newly identified phenotype of replication advantage for the core mutation I97L appears to be beneficial for the virus by improving its survival chance in a changing, unfriendly hepatocyte environment. Further studies on the mechanisms of the replication advantage, host factor independence, immune escape, and the evolution of mutant I97L should help clarify the biological significance of the mutant in natural infection.
